The capacity of excised nodules from soybean plants to fix atmospheric N2 was demonstrated convincingly in 19521 by use of the sensitive '5N technique. Although the specific inhibitory effect of H2 on N2 fixation by nodulated red clover was discovered thirty years ago,2' 3 an understanding of the biochemistry of N2 fixation in symbionts has been delayed as a result of difficulties in obtaining N2-fixing activity in fractions of macerated nodules. Bergerson4 in 1966 utilized a specially designed press and anaerobic conditions for the preparation of an active brei of soybean nodules. Fixation of N2 was detected by the 15N assay and was shown to be dependent upon 02. More recently, Bergerson and Turner' (manuscript kindly supplied by Dr. Bergerson) have reported that washed suspensions of bacteroids from soybean nodules retained a capacity to reduce N2, and that fixation was stimulated by the addition of oxidizable substrates including succinate, fumarate, and pyruvate. The rate of NH3 formation was about 0.4 m,4mole per minute per mg of protein.
The capacity of excised nodules from soybean plants to fix atmospheric N2 was demonstrated convincingly in 19521 by use of the sensitive '5N technique. Although the specific inhibitory effect of H2 on N2 fixation by nodulated red clover was discovered thirty years ago,2' 3 an understanding of the biochemistry of N2 fixation in symbionts has been delayed as a result of difficulties in obtaining N2-fixing activity in fractions of macerated nodules. Bergerson4 in 1966 utilized a specially designed press and anaerobic conditions for the preparation of an active brei of soybean nodules. Fixation of N2 was detected by the 15N assay and was shown to be dependent upon 02. More recently, Bergerson and Turner' (manuscript kindly supplied by Dr. Bergerson) have reported that washed suspensions of bacteroids from soybean nodules retained a capacity to reduce N2, and that fixation was stimulated by the addition of oxidizable substrates including succinate, fumarate, and pyruvate. The rate of NH3 formation was about 0.4 m,4mole per minute per mg of protein.
After the discovery6' 7 that Clostridium pasteurianum extracts would catalyze the reduction of acetylene in addition to that of N2, our laboratory8 9 approached the problem of N2 fixation in symbionts by assaying capacities of nodules and nodule fractions to catalyze acetylene reduction. By use of a method in which anaerobic conditions, a buffered ascorbate medium, and insoluble polyvinylpyrrolidone were employed to remove endogenous phenolics,'0 washed bacteroid suspensions with excellent acetylene-reducing activities were obtained. Cell-free extracts of bacteroids prepared by this technique consistently catalyzed N2 reduction8 and provided the first opportunity for the definition of the biochemical events in N2 fixation by legumes. The quantity of NH3 produced was sufficient for measurement by direct titration. In addition to active extract, the reduction of N2 required an adenosine 5'-triphosphate (ATP) generating system, Na2S204 as an electron donor, and anaerobic conditions. The requirements appeared to be similar to those for the Nrfixing system from Azotobacter vinelandii.1' In the initial experiments fractionation of extracts to remove endogenous compounds of low molecular weight could not be accomplished without loss of N2-fixing activity. Now active extracts relatively free of small molecules are prepared routinely.
The purpose of this communication is to describe some properties of the nitrogenase system in bacteroid extracts. Such information is required before embarking upon the tedious task of purifying the nitrogenase system under anaerobic conditions. Materials Reaction tubes were transferred to a glove bag filled with A; creatine phosphokinase and extract were added; then stoppered tubes were removed, evacuated, and filled with the desired gas mixtures by use of a manometer. For those experiments in which fractions of less than 0.25 atm of gas was added, a gas syringe was utilized for the addition of N2 or H2 after evacuation and addition of A. Reactions were initiated by the addition of Na2S204 solution with a hypodermic syringe and then were incubated at 230 on a reciprocating shaker. Acetylene reduction reactions were terminated by the addition of 0.5 ml of 3.6 M H2SO4 to each reaction; and N2 fixation reactions by the addition of 1 ml of saturated K2CO3 after the mixture had been transferred to a microdiffusion vessel.
Ethylene was assayed by the gas chromatographic procedure,9 and NH3 produced in N2 fixation assays was determined by use of Nessler's reagent after separation by microdiffusion." The NH3 produced in "5N2 experiments was collected by microdiffusion into 2 ml of 0.01 M HCl in the center compartment of a Conway dish. The procedure of Mortenson'4 was followed with the exception that HCl replaced H3BO3. After incubation for 14 hr the HCl containing NH4+ was removed quantitatively from the center compartment of each dish and diluted with 200 Jtg of N in the form of reagent grade NH4Cl. Analyses for "N were conducted mass spectrometrically"5 by Mr. Robert Klucas in the laboratory of Dr. R. H. Burris, and results were corrected for dilution. Protein contents of the extracts were estimated from nitrogen determinations using the micro-Kjeldahl method.'6 Gas evolution under A or N2 was determined by the manometric procedure. All components in the reaction flasks except Na2S204, extract, and KOH were placed into the main compartment of the Warburg flasks. A filter-paper wick and 0.2 ml of 20%o KOH were placed in the center well.
Flasks attached to manometers were placed in the Warburg apparatus at 30'C, flushed with N2 or A, and shaken during an equilibration period of 15 min. The enzyme was injected with a hypodermic syringe into the side arm of the vessel through a serum cap, then was tipped into the major compartment. Gassing was continued for 3 min, Na2S204 solution was injected into the side arm, and then tipped into the main compartment. After 5 min, flasks were closed and pressures recorded. The rate of gas evolution during the first measured increment (5-10 min) was extrapolated to zero time. This procedure was employed because of the initial pressure change that occurred immediately after tipping the Na2S204 solution into the main compartment. Presumably this was due to changes in vapor pressure from mnixilg reagents or to a release of decomposition products of Na2S204. The initial change in pressure that occurred immediately after tipping Na2S204 into the reaction was not enzyme-dependent.
Results and Discussion.--Chromatography of the crude extract of bacteroids effectively removed most of the endogenous NH3 and other low-molecular-weight compounds, but preliminary efforts to obtain further purification have been unsuccessful. Centrifugation of the Bio-gel extract for one hour at 110,000 X g resulted in a recovery in the supernatant solution of about 10 per cent of the original activity. Combination of the supernatant solution with the pellet failed to increase activity. The extract stored under A at 0-20C or at room temperature retained activity for a period of about three hours, but no activity was detected after storage overnight. Determination of the conditions for maintaining activity requires further investigation.
Large samples of bacteroid extract have been fractionated on an O-(diethylaminoethyl) cellulose column by use of Tricine buffer with increasing concentrations of NaCl to elute proteins. A brown fraction with an absorption peak at 418 m.u and containing about 0.07 /mole of nonheme Fe, and 0.14 jsmole of labile sulfur per mg of protein has been isolated. Such preparations maintained under an atmosphere of A lost 90 per cent of their labile sulfur within five hours. This protein is of interest because the nitrogenase systems from Clostridium pasteurianum17 and Azotobacter vinelandii 8 have been showii to contain nonheme iron components. To date no consistent enzyme activity has been associated with the nonhenme iron protein from nodule bacteroids, but further investigations are in progress.
Requirements for activity: From the data presented in experiment I of Table 1 , it is clear that the production of NH3 in the standard assay system was dependent upon N2, an ATP-generating system, and Na2S204. Results from experiments in which individual components of the ATP-generating system were omitted provides evidence for an absolute requirement for ATP and a strikingly reduced N2-fixing activity in reactions lacking creatine phosphate or creatine phosphokinase. The low activity in the absence of added creatine phosphate undoubtedly is due to the 15 jmoles of ATP that was included in the reaction mixture. Substitution of acetyl phosphate for creatine phosphate, at an equivalent concentration, failed to support N2 fixation. The possibility that this negative result was caused by a lack of acetokinase in the extract has not been investigated. The omission of MgCl2 in the reaction resulted in NH3 synthesis at about 60 per cent of the rate observed Relation of activity to enzyme concentration and period of incubation: After establishing the optimum concentrations of substrates and cofactors for N2 fixation by the bacteroid system, the relationship between the rate of the reaction and the quantity of enzyme added was determined. The rate of NH3 synthesis was proportional to the amount of enzyme in the reaction throughout the range of 0 to 21 mg protein.
In most experiments about 15 mg of protein was utilized in each reaction mixture of 3 ml.
The data in Figure 2 reveal that activity was fairly linear during the first 60 minutes of the incubation period but decreased appreciably during the second hour of incubation.
Gas evolution: Hydrogen evolution is reported to be associated with N2 fixation by extracts of A. vinelandii"' 21 and by soybean nodules,22 and nodule breis.4 5 Experiments were conducted therefore to determine the quantity of gas evolved in reactions containing bacteroid extracts. As illustrated in Figure 3 , a reaction carried out under an atmosphere of N2 evolved 24 Asl of gas in 50 minutes. An average of 3.0 Amoles of NH3 was produced under these conditions. When the reaction was carried out under an atmosphere of A, 152 ,Al of gas was evolved.
The evolution of gas under A or N2 was dependent upon the addition of the ATPgenerating system and Na2S204.
The identity of the gas evolved as H2 was indicated in parallel experiments. In these tests a role of tape covered with a mixture of a palladium and charcoal powder was placed in the side arm of each flask. At the termination of the experiment 200 umoles of a solution of K4Fe(CN)6 was injected into each flask. The tenfold excess of K4Fe(CN)6, in respect to amount of Na2S204 added, provided assurance that all residual Na2S204 was oxidized. After equilibration for five minutes, 100 ,Al of 02 was added to each reaction and gas uptake was observed immediately. The decrease in volume of gas was consistent with a reaction of H2 1, with the exception that the gas phase varied as indicated. The evolution of gas in presence of extract was dependent upon the ATP system and Na2S204. For further details of the manometric procedure see Materials and Methods.
with 02. It was concluded, therefore, that the ATP-dependent evolution of gas under N2 or A was due to the production of H2.
The synthesis of 3 Anmoles of NH3 in the reaction (Fig. 3) would require 9 /AEq of reductant. The evolution of 24 ,IA of H2 gas under N2 would require about 2.2 1uEq of reductant and therefore a total of 11.2 4Eq of reductant would be needed for the reaction under N2. The reaction carried out under A produced 152 Al of H2.
This quantity of gas is equivalent to 13.6 AEq of reductant. From these data it is apparent that the quantities of reductant accounted for in reactions under N2 and under A are in fair agreement. These results in general are consistent with those that have been obtained in similar experiments in which extracts of A. vinelandiil'21 and C. pasteurianum23 were utilized.
Inhibition by hydrogen: Experiments with red clover2' 3 in which different mixtures of H2 and N2 were utilized to investigate the effect of pN2 on the fixation of N2 led to the discovery that H2 is a specific inhibitor of N2 fixation. As pointed out in a recent review,20 H2 inhibits N2 fixation by a variety of types of N2-fixing organisms. In all but a few cases the inhibition has been shown to be of the competitive type. For some unexplained reason the concentration of phosphate in reaction mixtures influences the type of inhibition that is exhibited. 24 From the data presented in Figures 4 and 5 it is clear that H2 inhibits the catalysis of N2 fixation by the bacteroid extract in a low concentration of phosphate buffer. At a pN2 of 0.25 atm where maximum N2 fixation is obtained, the addition of 0.25 atm of H2 results in 67 per cent inhibition of the rate of N2 fixation (Fig. 4) . In a similar experiment (Fig. 5) Table 1 , with exceptions that 15 mg of protein The conditions were as described in expt. I of (Bio-gel extract) were utilized, the gas phase Table 1 with the exceptions that the gas phase was was varied as indicated, and each reaction varied as indicated, and each reaction in 3 ml contained 18 25 to be the K, for H2 for the cell-free system from C. pasteurianum. Both Km and inhibitor constants need to be reevaluated when a more purified enzyme preparation from nodule bacteroids is available. Summary.-A procedure involving anaerobic conditions, a buffered ascorbate medium, and insoluble polyvinylpyrrolidone was utilized for the preparation of active cell-free extracts of bacteroids from soybean root nodules. Low-molecularweight compounds were removed from extracts by use of polyacrylamide gel chromatography. The optimum conditions are reported for catalysis of N2 reduction by these preparations. Reaction mixtures containing an ATP-generating system, Na2S204, and N2 evolve H2 during the course of N2 fixation. Under an atmosphere of A the rate of H2 evolution is much greater than under N2. The rate of N2 fixation by the nodule nitrogenase system is strongly inhibited by H2. * This research was supported by NSF grant GB5185X to Harold J. Evans, and by the Oregon Agricultural Experiment Station (technical paper no. 2327). 1 Aprison, M. H., and R. H. Burris, Science, 115, 264 (1952) .
